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(54) Method and apparatus using four wave mixing for optical wavelength conversion 



(57) An optical waveguide doped with a rare earth 
element (1 2) is pumped (26, 28) so that an input optical 
signal (X(w1 )) is amplified as the input optical signal trav- 
els through the optical waveguide. The optical 
waveguide is provided with at least one light (l(w2), X 
(w5)) which, together with the input optical signal, caus- 
es four wave mixing (FWM) to occur in the optical 
waveguide. The FWM causes a converted optical signal 



to be produced in the optical waveguide. The converted 
optical signal has a wavelength different from the input 
optical signal. If the input signal is modulated by a trans- 
mission signal, then the converted optical signal will also 
be modulated by the transmission signal. The optical 
waveguide can be, for example, an erbium doped opti- 
cal fiber operating as an erbium doped fiber amplifier 
(EDFA). Therefore, an EDFA can be used for both am- 
plification and wavelength conversion. 
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Description 

[0001 ] This application is based on and claims priority 
from Japanese patent application 10-233070, filed Au- 
gust 19, 1998, the contents of which is incorporated 
herein by reference. 1 
[0002] The present invention relates to an apparatus 
and method using four wave mixing (FWM) for wave- 
length conversion. 

[0003] Optical communication systems using fiberop- 
tical transmission lines are being used to transmit rela- 
tively large amounts of information. However, as users 
require larger amounts of information to be rapidly trans- 
mitted, and as more users are connected to the sys- 
tems, a further increase in the transmission capacity of 
optica! communication systems is required. 
[0004] Therefore, wavelength division multiplexing 
(WDM) is becoming an indispensable technique for in- 
creasing the transmission capacity of optical communi- 
cation systems. In a system adopting WDM, a plurality 
of optical carriers (channels) having different wave- 
lengths are individually modulated to thereby obtain a 
plurality of optical signals. These optical signals are then 
wavelength division multiplexed by an optical multiplex- 
er to obtain WDM signal light. The WDM signal light is 
then transmitted through a single optical fiber function- 
ing as an optical fiber transmission line. On the receiving 
side, the WDM signal light is received from the trans- 
mission line and then separated into individual optical 
signals by an optical demultiplexer. Each optical signal 
is then demodulated to reproduce the data conveyed by 
the optical signal. Accordingly, by applying WDM, the 
transmission capacity of a single optical fiber can be in- 
creased in accordance with the number of carriers 
(channels) multiplexed together and transmitted 
through the fiber. WDM can be contrasted to a conven- 
tional optical communication system where a single op- 
tical signal is transmitted through an optical fiber. 
[0005] With an optical communication system em- 
ploying WDM, it is often necessary to provide wave- 
length management and wavelength routing control be- 
tween nodes of the system. For example, as indicated 
above, a WDM signal includes many wavelengths mul- 
tiplexed together. In many cases, it may be necessary 
to convert one wavelength into a different wavelength, 
or to drop out, or add, wavelengths. Preferably, such 
wavelength management and wavelength routing con- 
trol is performed efficiently and at minimum cost. 
[0006] With an optical communication system em- 
ploying WDM, wavelength management and wave- 
length routing control can be realized by performing 
wavelength identification at each node. 
[0007] In this respect, a lightwave network which com- 
bines WDM and wavelength routing will likely be a sig- 
nificant part of next generation trunk systems. Wave- 
length conversion will be a key technology in realizing 
such a lightwave network. 

[0008] A method for wavelength conversion utilizing 
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four-wave mixing (FWM) has previously been consid- 
ered. FWM is a third-order nonlinear phenomenon of 
light. When light enters an optical medium, the light 
propagates in accordance with the correlation between 
5 incident electric field E and polarization density P in- 
duced in the optical medium by the incident electric field 
E. In general, the relation between electric field E and 
polarization density P is expressed as follows: 

° P- E oX E + 2dE 2 +4 X <3) E 3 + 

[0009] The first term is a term indicative of linearity, 
which shows the fact that the polarization density is pro- 

15 portional to the electric field under the condition where 
the latter is relatively weak. When the electric field (op- 
tical power) becomes strong, the second and subse- 
quent terms are not negligible and most optical media 
show nonlinear response. The second term is a term 

20 indicative of second-order nonlinear effects. This term 
is negligible in an isotropic medium such as silica (Si0 2 ). 
[0010] When three optical waves having frequencies 
of co.,, a> 2 , and co 3 enter a medium showing third-order 

nonlinear effects.'the following equation holds. 

25 . 

E(oo) « E 1 exp(i(D 1 t) + E 2 exp(ioD 2 t) + E 3 exp(ioo 3 t) 

Then, the third-order nonlinear polarization density p = 
30 4^ 3 )E 3 includes a new frequency represented by 
(a^+G^+o^) and (a^+a^-o^). Letting a> 4 denote this new 
frequency, the following equations hold. 

CD 4 = GD.,+03 2 + GJ 3 



03 4 = co 1 +cd 2 -ol> 3 

40 Thus, a new optical wave having a frequency od 4 is gen- 
erated. The wavelength conversion is performed on the 
principle mentioned above. 

[0011] FIG. 1(A) of the accompanying drawings is a 
diagram illustrating a previously-considered technique 

45 for wavelength conversion. Referring now to FIG. 1(A), 
a semiconductor optical amplified is a nonlinear optical 
medium having an active layer 4 for guiding optical 
waves. When signal light having a frequency od s and 
pump light having a frequency a> p are input into semi- 

50 conductor optical amplifier 2, phase-conjugated light 
having a frequency (2od p -od s ) is output together with the 
signal light and the pump light from semiconductor op- 
tical amplifier 2. In this manner, wavelength conversion 
from the signal light to the phase-conjugated light is per- 

55 formed. In the case that the signal light and/or the pump 
light is/are preliminarily modulated, the phase-conjugat- 
ed light reflects this modulation. 

[0012] FIG. 1(B) of the accompanying drawings is a 
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diagram illustrating another previously-considered tech- 
nique for wavelength conversion. Referring now to FIG. 
1 (B), A DFB laser 6 has an active layer 8 for guiding 
optical waves and a corrugated diffraction grating 1 0 
formed along active layer 8. Diffraction grating 10 may 
be provided by a refractive index distribution. 
[0013] In DFB laser 6, pump light is generated by os- 
cillation. Accordingly, phase-conjugated light can be ob- 
tained simply by inputting signal light into DFB laser 6. 
[0014] The techniques for wavelength conversion in 
FIGS. 1(A) and 1(B) have a problem in that conversion 
efficiency of the wavelength conversion is low. 
[0015] Further, high-accuracy positioning with lenses 
or similar devices is necessary for optical connection of 
each of semiconductor optical amplifier 2 and DFB laser 
6 to optical fibers, so that it is difficult to optically connect 
each component to the optical fibers with a low connec- 
tion loss. Particularly, in the technique for wavelength 
conversion using semiconductor optical amplifier 2 
shown in FIG. 1(A), a light source for outputting the 
pump light is required, thereby complicating the config- 
uration. 

[0016] It is desirable to provide an apparatus and 
method for wavelength conversion with an improved 
conversion efficiency. 

[001 7] It is also desirable to provide an apparatus and 
method for wavelength conversion which allows optical 
components to be easily connected to optical fibers with 
low connection loss, and has a simple configuration. 
[00*18] An embodiment of a first aspect of the present 
invention can provide an optical waveguide doped with 
a rare earth element and pumped so that an input optical 
signal is amplified as the input optical signal travels 
through the optical waveguide. The optical waveguide 
is provided with at least one light which, together with 
the input optical signal, causes four wave mixing (FWM) 
to occur in the optical waveguide. The FWM causes a 
converted optical signal, having a wavelength different 
from the input optical signal, to be produced in the opti- 
cal waveguide. The input optical signal may be modu- 
lated by a transmission signal, so that the converted op- 
tical signal is also modulated by the transmission signal. 
The optical waveguide can be, for example, an erbium 
doped optical fiber operating as an erbium doped fiber 
amplifier (EDFA). 

[0019] An embodiment of a second aspect of the 
present invention can provide an apparatus which in- 
cludes a rare earth doped optical fiber, and a pump 
source. The rare earth doped optical fiber has first and 
second lights travelling therethrough. The pump source 
provides pump light to the fiber so that the first light is 
amplified as the first light travels through the fiber, 
wherein the first and second lights together cause four 
wave mixing (FWM) to occur in thefiber. The FWM caus- 
es a third light to be produced in the fiber. The third light 
has a wavelength different from the first light. 
[0020] An embodiment of a third aspect of the present 
invention can provide an apparatus which includes a 



rare earth doped optical fiber having first, second and 
third lights travelling therethrough. A pump source pro- 
vides pump light to the fiber so that the first light is am- 
plified as the first light travels through the fiber, wherein 

5 the first, second and third lights together cause four 
wave mixing (FWM) to occur in the fiber. The FWM caus- 
es a fourth light to be produced in the fiber. The fourth 
light has a wavelength different from the first light. 
[0021] An embodiment of a fourth aspect of the 

*o present invention can provide an apparatus which in- 
cludes a rare earth doped optical fiber, a pump source 
and a filter. The fiber has first and second lights travel- 
ling therethrough. The pump source pumps the fiber so 
that the first light is amplified as the first light travels 

15 through the fiber, wherein the first and second lights to- 
gether cause four wave mixing (FWM) to occur in the 
fiber. The FWM causing a third light to be produced in, 
and output from, the fiber, the third light having a wave- 
length different from the first and second lights. The filter 

20 is optically connected to the fiber to filter light output 
from the fiber. The filter has a passband which passes 
the third light and rejects light having a wavelength dif- 
ferent from that of the third light. The fiber can be an 
erbium doped optical fiber. As a result, the apparatus 

25 operates as an erbium doped fiber amplifier (EDFA) 
which amplifies an optical signal, and also uses the prin- 
ciples of FWM to convert the optical signal to a different ' 
wavelength for wavelength conversion and wavelength . 
management. 

so [0022] An embodiment of a fifth aspect of the present 
invention can provide a method which includes (a) 
pumping a rare earth doped optical fiber so that a first 
light travelling through the fiber is amplified; (b) provid- 
ing a second light which travels through the fiber and, 

35 together with the first light, causes four wave mixing 
(FWM) to occur in the fiber; the FWM causing a third 
light to be produced in the fiber. The third light has a 
wavelength different from the first light. 
[0023] An embodiment of a sixth aspect of the present 

40 invention can provide an optical communication system 
which includes a transmitter, a rare earth doped optical 
fiber, a pump source, a light source and a receiver. The 
transmitter transmits an optical signal which travels 
through the fiber. The pump source provides pump light 

45 to the fiber so that the optical signal is amplified as the 
optical signal travels through the fiber. The light source 
provides a light to the fiber so that the light, together with 
the optical signal, causes four wave mixing (FWM) to 
occur in the fiber, the FWM causing a converted optical 

50 signal to be produced in the fiber. The converted optical 
signal has a wavelength different from the optical signal 
transmitted by the transmitter. The receiver receives the 
converted optical signal from the fiber. 
[0024] Reference will now be made, by way of exam- 

55 pie, to the accompanying drawings, in which : 

FIGS. 1(A) and 1(B) (described above) are dia- 
grams for illustrating different techniques for wave- 
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length conversion ; 

FIG. 2 is a diagram showing an experimental sys- 
tem used to confirm four-wave mixing (FWM) in an 
erbium doped fiber (EDF); 

FIG. 3 is a graph showing a spectrum of light gen- 
erated by FWM in the experiment shown in FIG. 2 ; 
FIG. 4 is a diagram illustrating wavelength conver- 
sion, according to an embodiment of the present in- 
vention; 

FIG. 5 is a diagram illustrating wavelength conver- 
sion, according to an additional embodiment of the 
present invention ; 

FIG. 6 is a diagram illustrating wavelength conver- 
sion, according to a further embodiment of the 
present invention; 

FIG. 7 is a diagram illustrating an apparatus for 
wavelength conversion, according to an embodi- 
ment of the present invention ; 
FIG. 8 is a diagram illustrating an apparatus for 
wavelength conversion, according to an additional 
embodiment of the present invention ; 
FIG. 9 is a diagram illustrating an apparatus for 
wavelength conversion, according to a further em- 
bodiment of the present invention; 
FIG. 10 is a diagram illustrating an apparatus for 
wavelength conversion, according to a still further 
embodiment of the present invention. 
FIG. 11 is a diagram illustrating an apparatus for 
wavelength conversion, according to an embodi- 
ment of the present invention. 
FIG. 12 is a diagram illustrating an apparatus for 
wavelength conversion, according to another em- 
bodiment of the present invention. 
FIG. 13 is a diagram illustrating an apparatus for 
wavelength conversion, according to an embodi- 
ment of the present invention. 
FIG. 14 is a diagram illustrating a manufacturing 
method for a wavelength conversion element used 
in FIG. 13, according to an embodiment of the 
present invention. 

FIG. 15 is a diagram illustrating an apparatus for 
wavelength conversion, and having a controller for 
controlling the wavelength of a pump light beam 
provided by a wavelength selective device, accord- 
ing to an embodiment. 

FIG. 1 6 is a diagram illustrating a WDM optical com- 
munication system employing an apparatus for 
wavelength conversion according to the above em- 
bodiments of the present invention. 

[0025] Reference will now be made in detail to the 
present preferred embodiments of the present inven- 
tion, examples of which are illustrated in the accompa- 
nying drawings, wherein like reference numerals refer 
to like elements throughout. 

[0026] An experiment carried out to confirm the oc- 
currence of four-wave mixing (FWM) in an erbium doped 
fiber (EDF) will first be described with referenceto FIGS. 



189 A2 




2 and 3. 

[0027] Nlore specifically, FIG. 2 is a diagram showing 
an experimental system used to confirm four-wave mix- 
ing (FWM) in an erbium doped fiber (EDF). In the exper- 

5 iment, sixteen optical signals are produced by sixteen 
laser diodes 100, respectively. Each optical signal is at 
a different wavelength. The wavelengths > M to X 16 of the 
optical signals were set to be substantially equally 
spaced along a wavelength axis, more specifically, set 

10 to 1535.8 nm, 1537.4 nm, 1538.9 nm, .... and 1560.1 
nm. The optical signals were attenuated by attenuators 
(ATT) 110, respectively, to control the power levels of 
the optical signals. 

[0028] The attenuated optical signals were combined 

15 by an array waveguide grating (AWG) 1 20 into a wave- 
length division multiplexed (WDM) light which was sup- 
plied to one end of an erbium doped fiber (EDF) 130. 
EDF 130 which was bidirectionally pumped by eight la- 
ser diodes 1 40. More specifically, the eight laser diodes 

20 1 40 for bidirectional pumping included four laser diodes 
for forward pumping and four laser diodes for backward 
pumping. The four laser diodes for each of the forward 
pumping and the backward pumping were provided by 
two laser diodes each having an oscillation wavelength 

25 band of 1 460 nm and two laser diodes each having an 
oscillation wavelength band of 1490 nm. Light output 
from EDF 1 30 was supplied to a spectru m analyzer 1 50. 
[0029] FIG. 3 is a graph showing a spectrum of light 
generated by FWM, as measured by spectrum analyzer 

30 1 50. In FIG. 3, reference symbol ASE denotes a gentle 
spectrum of amplified spontaneous emission (ASE), 
and this ASE spectrum has two peaks near 1533 nm 
and 1558 nm. As denoted by reference symbol WDM in 
FIG. 3, sixteen sharp spectra corresponding to sixteen 

35 channels of WDM light are superimposed on this ASE 
spectrum. 

[0030] Further, reference symbol FWM denotes a 
small spectrum generated near 1 535 nm, and this spec- 
trum is due to FWM occurring in the EDF. 

40 [0031] FIG. 4 is a diagram illustrating wavelength con- 
version, according to an embodiment of the present in- 
vention. Referring now to FIG. 4, an erbium doped fiber 
(EDF) 12 has a first end 12A and a second end 1 2B. 
EDF 12 may be manufactured by doping the core of a 

45 single-mode silica fiber with, for example, an erbium 
compound. Therefore, EDF 1 2 is an optical waveguide 
structure doped with the rare earth compound. 
[0032] EDF 1 2 is pumped so that EDF 1 2 provides a 
gain band. For example, the pumping of EDF 12 may 

50 be performed by supplying lightfor pumping in a 0.98^im 
band (0.96 urn - 1 OO^m) or a 1 .48^m band (1 .46 p.m - 
1.50u.m) into EDF 1 2 from at least one of first end 1 2A 
and second end 1 2B. By setting the wavelength of the 
pumping light within a 0.98ujti band and/or a 1.48u.m 

55 band, a gain band including 1 .55p.m can be obtained. 
Since losses in a silica fiber near 1.55fxm are low, this 
gain band is suitable in the case of using a silica fiber 
as an optical fiber transmission line. 
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[0033] The light for pumping to provide gain will here- 
inafter be referred to as "pumping light", so as to distin- 
guish it from a pump light beam for FWM. 
[0034] Input into EDF 1 2 from first end 1 2A are an op- 
tical signal having a wavelength X (cd-,), a first pump light 
beam having a wavelength a. (cd 2 ), and a second pump 
light beam having a wavelength X (<d 3 ). The symbol X 
(ro) represents a wavelength corresponding to a fre- 
quency oo (angular frequency) . 

[0035] By FWM based on the optical signal and the 
first and second pump light beams in EDF 12, a convert- 
ed optical signal is generated. The wavelength of the 
converted optical signal is X (a^+a^-o^) or X (co 1 + 
tD 2 + t»3). In the case that ce>i = (» 2 , the wavelength of the 
converted optical signal is X (20^-003) or X (2<d-, +003). In 
the case that go-, = co 2 = 0)3, the wavelength of the con- 
verted optical signal is X (3co.,). 

[0036] The optical signal may be preliminarily modu- 
lated by a transmission signal. In this case, the convert- 
ed optical signal is also modulated by the transmission 
signal on the principle of wavelength conversion by 
FWM. Accordingly, the present invention provides 
wavelength routing. 

[0037] The wavelength of the optical signal and the 
wavelength of the converted optical signal are different 
from each other. Accordingly, the wavelength of each 
pump light beam is arbitrary. 

[0038] Preferably, the optical signal and the first and 
second pump light beams have wavelengths falling 
within the gain band provided by EDF 12. In this case, 
the optical signal and the first and second pump light 
beams input into EDF 12 are amplified in the EDF 12. 
Accordingly, the third-order term relating to an electric 
field E at a polarization density P as mentioned above 
can be relatively increased, so that FWM can be effec- 
tively produced to thereby improve the efficiency of con- 
version from the optical signal to the converted optical 
signal. v 

[0039] The pumping light may be supplied into EDF 
12 either from first end 1 2A or second end 12B. Alter- 
natively, it may be supplied into EDF 12 both from first 
end 1 2A and from second end 1 2B. In the case that the 
pumping light is supplied into EDF 1 2 from first end 1 2A, 
the pumping light propagates in EDF 1 2 in the same di- 
rection as the propagation direction of the optical signal 
and the first and second pump light beams in EDF 12, 
thus performing forward pumping. In the case that the 
pumping light is supplied into EDF 12 from second end 
12B, the pumping light propagates in EDF 12 in the di- 
rection opposite to the propagation direction of the op- 
tical signal and the first and second pump light beams 
in EDF 12, thus performing backward pumping. Further, 
in the case that the pumping light is supplied into EDF 
12 both from first end 12A and from second end 12B, 
bidirectional pumping is performed. 
[0040] EDF 1 2 may be a polarization maintaining fiber 
(PMF). I n this case, the polarization planes of the optical 
signal and the first and second pump light beams can 



be made substantially parallel (coincident) to each oth- 
er, so that FWM can be effectively produced to thereby 
improve the efficiency of conversion from the optical sig- 
nal to the converted optical signal. 

5 [0041] FIG. 5 is a diagram illustrating wavelength con- 
version, according to an additional embodiment of the 
present invention. Referring now to FIG. 5, a fiber grat- 
ing (FG) is formed in a part or the whole of EDF 12. 
When EDF 1 2 formed with fiber grating FG is pumped, 

*o laser oscillation occurs in fiber grating FG at a wave- 
length determined by the grating pitch of fiber grating 
FG, and resultant light by the laser oscillation is used as 
the second pump light beam. In other words, the inten- 
sity of a wavelength (oo 3 ) component of the ASE gener- 

'5 ated in EDF 1 2 is remarkably increased by the laser os- 
cillation, thereby obtaining the second pump light beam 
having a wavelength (<d 3 ). 

[0042] In this embodiment of the present invention, an 
optical signal having a wavelength X (co-,) and a first 
20 pump light beam having a wavelength X (co 2 ) are sup- 
plied into EDF 12 from first end 12A, and no second 
pump light beam is supplied into EDF 12 from first end 
12A. However, the second pump light beam having a 
wavelength X (<d 3 ) is obtained by the laser oscillation in 
25 fiber grating FG, so that FWM occurs in EDF 1 2 on the 
basis of the optical signal and the first and second pu mp 
light beams, thereby converting the optical signal into a 
converted optical signal. Like the embodiment of the 
present invention in FIG. 4, the wavelength of the con- 
so verted optical signal is X (a^+ce^-a^) or ^ (<»i+aj 2 +co 3 ).' 
Particularly, in the case that cd 1 = <d 2 , the wavelength of 
the converted optical signal is X {2m^co 3 ) or X (03^033). 
[0043] With the configuration in FIG. 5, it is unneces- 
sary to supply the second pump light beam into EDF 1 2 
\35 from the outside thereof, thereby simplifying the config- 
uration. 

[0044] FIG. 6 is a diagram illustrating wavelength con- 
version, according to a further embodiment of the 
present invention. Referring now to FIG. 6, two fiber 

40 gratings FG (#1 and #2) are formed in EDF 12. A first 
pump light beam having a wavelength X (<d 2 ) is obtained 
by laseroscillation in fiber grating FG (#1 ), and a second 
pump light beam having a wavelength X(co 3 ) is obtained 
by laser oscillation in fiber grating FG (#2). 

45 [0045] Accordingly, only an optical signal having a 
wavelength X (co-,) is supplied into EDF 1 2 from first end 
1 2A, thereby generating FWM to convert the optical sig- 
nal into a converted optical signal. The wavelength of 
the converted optical signal is X (cd 1 +oo 2 -co 3 ) or X {<x>^ 

50 +002+053). 

[0046] With the configuration in FIG. 6, it is unneces- 
sary to supply the first and second pump light beams 
into the EDF 12 the outside thereof, thereby simplifying 
the configuration. 
55 [0047] FIG. 7 is a diagram illustrating an apparatus for 
wavelength conversion, according to an embodiment of 
the present invention. This apparatus may be used to 
carry out wavelength conversion as illustrated, for ex- 
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ample, in FIG. 4. 

[0048] Referring now to FIG. 7, first end 12A of EDF 
1 2 is optically connected to the output port of an optical 
isolator 14, and the input port of optical isolator 14 is 
optically connected to an optical multiplexer 1 6. Optical 
multiplexer 16 includes a WDM coupler 22 connected 
to laser diodes 1 8 and 20 for respectively outp utting first 
and second pump light beams, and another WDM cou- 
pler 24 connected to WDM coupler 22. 
[0049] The first and second pump light beams are 
combined together by WDM coupler 22. The resultant 
combined first and second pump light beams are then 
combined with an optical signal by WDM coupler 24. 
The resultant combined optical signal and first and sec- 
ond pump light beams are supplied through optical iso- 
lator 14 into EDF 12 from first end 12A. 
[0050] To pump EDF 1 2, a laser diode 28 for output- 
ting pumping light is connected through a WDM coupler 
26 to second end 1 2B of EDF 12. The pumping light out- 
put from laser diode 28 is supplied through WDM cou- 
pler 26 into EDF 1 2 from second end 1 2B. Accordingly, 
EDF 1 2 undergoes backward pumping to provide a gain 
band. 

[0051] The optical signal and the first and second 
pump light beams all amplified in EDF 12 are supplied 
through WDM coupler 26 and an optical isolator 30 in 
this order to an optical bandpass filter 32. Further, the 
converted optical signal generated by FWM in EDF 12 
is also supplied through WDM coupler 26 and optical 
isolator 30 in this order to optical bandpass filter 32. 
[0052] Optical- bandpass filter 32 preferably has a 
pass band including the wavelength of the converted op- 
tical signal and not including the wavelengths of the op- 
tical signal and the first and second pump light beams, 
so that the converted optical signal is extracted by opti- 
cal bandpass filter 32 and then output from this device. 
[0053] In the case that the optical signal and the con- 
verted optical signal are modulated by a transmission 
signal, the first and second pump light beams are noise 
components. Accordingly, the use of optical bandpass 
filter 32 can improve a signal-to-noise ratio (SNR). 
[0054] Optical bandpass filter 32 may be replaced by 
an optical band rejection filter or any other optical filters 
for extracting the converted optical signal. 
[0055] Optical isolators 14 and 30 are used in the 
present embodiment to eliminate a possibility that an op- 
tical resonator structure including EDF 12 may be 
formed to cause undesired oscillation or a similar phe- 
nomenon. 

[0056] In the case that the wavelengths of the optical 
signal and the first and second pump light beams are 
included in the gain band provided by EDF 1 2, FWM can 
be effectively produced so that a high efficiency of con- 
version from the optical signal to the converted optical 
signal is obtained. Further, EDF 1 2 is used as an optical 
waveguide structure doped with the rare earth com- 
pound, and EDF 1 2 can therefore be easily connected 
to peripheral components by, for example, splicing or 
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other connection technique. Accordingly, this apparatus * 
can be easily manufactured or a system adopting this 
apparatus can be easily constructed. 
[0057] FIG. 8 is a diagram illustrating an apparatus for 
5 wavelength conversion, according to an additional em- 
bodiment of the present invention. This apparatus may 
be used to carry out wavelength conversion as in, for 
example, in FIG. 5. 

[0058] Referring now to FIG. 8, a fiber grating FG for 
10 obtaining a second pump light beam having a wave- 
length X (a> 3 ) by laser oscillation is formed in EDF 12. 
As a result, laser diode 20 for the second pump light 
beam shown in FIG. 7 is not required, and optical mul- 
tiplexer 1 6 shown in FIG. 7 is replaced by an optical mul- 
'5 tiplexer 16' simplified in configuration. 

[0059] More specifically, optical multiplexer 1 6' is pro- 
vided by a WDM coupler 24 for combining a first pump 
light beam having a wavelength X (<d 2 ) output from a la- 
ser diode 1 8 and an optical signal having a wavelength 
20 x (c^). The optical signal and the first pump light beam 
combined by WDM coupler 24 are supplied through an 
optical isolator 1 4 to EDF 1 2. 

[0060] With the configuration in FIG. 8, it is possible 
to obtain the same effect as that obtained by the config- 
25 uration in FIG. 7, and it is also possible to obtain an ad- 
ditional effect that the apparatus can be simplified in 
configuration because laser diode 20 is not required and 
the configuration of optical multiplexer 16" can therefore 
be simplified. 

30 [0061] FIG. 9 is a diagram illustrating an apparatus for 
wavelength conversion, according to a further embodi- 
ment of the present invention. This apparatus may be 
used to carry out wavelength conversion as in, for ex- 
ample, FIG. 6. 

35 [0062] Referring now to FIG. 9, two separate EDFs 
12 (#1 and #2) are used in place of EDF 12 used in pre- 
vious embodiments, and an optical isolator 34 is provid- 
ed between EDFs 12 (#1 and #2). EDFs 12 (#1 and #2) 
are formed with fiber gratings FG (#1 and #2), respec- 

40 tively. 

[0063] Pumping light output from a laser diode 28 is 
supplied through a WDM coupler 26 to EDF 12 (#2). 
However, the pumping light passed through EDF 12 (#2) 
is blocked by optical isolator 34, so that it is not supplied 

.45 to EDF 12 (#1). To pump EDF 12 (#1), EDF 1 2 (#1 ) is 
connected through a WDM coupler 36 to a laser diode 
38 for outputting pumping light for EDF 1 2 (#1 ). 
[0064] The pumping light output from laser diode 38 
and an optical signal having a wavelength X (cn^) passed 

50 through an optical isolator 40 are combined together by 
WDM coupler 36. The combined optical signal and 
pumping light are then supplied into EDFs 12 (#1 and 
#2). 

[0065] A first pump light beam having a wavelength a 
55 (o, 2 ) is generated by laser oscillation in fiber grating FG 
(#1), and a second pump light beam having a wave- 
length X (co 3 ) is generated by laser oscillation in fiber 
grating FG (#2). 
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[0066] The optical signal and the first and second 
pump light beams all amplified in EDFs 12 (#1 and #2) 
are supplied through WDM coupler 26 and an optical 
isolator 30 in this order to an optical bandpass filter 32. 
Further, a converted optical signal generated by FWM 
in EDFs 12 (#1 and #2) is also supplied through WDM 
coupler 26 and optical isolator 30 in this order to optical 
bandpass filter 32. 

[0067] The converted optical signals extracted by op- 
tical bandpass filter 32 and then output from this appa- 
ratus. 

[0068] With the configuration in FIG. 9, it is possible 
to obtain the same effect as that obtained in FIG. 7, and 
it is also possible to obtain an additional effect that laser 
diodes 18 and 20 shown in FIG. 7. As a result, optical 
multiplexer 16 is not required, thereby simplifying the 
configuration. 

[0069] FIG. 10 is a diagram illustrating an apparatus 
for wavelength conversion, according to a still further 
embodiment of the present invention. With the configu- 
ration in FIG. 8, the second pump light beam having a 
wavelength X (co 3 ) is generated by distributed feedback 
(DFB) in the fiber grating FG formed in EDF 12. In con- 
trast thereto, in FIG. 10, distributed Bragg reflection 
(DBR) is applied to EDF 1 2 to thereby generate the sec- 
ond pump light beam having a wavelength X (cd 3 ). 
[0070] For example, in FIG. 10, a fiber grating 42 is 
connected between first end 1 2A of EDF 1 2 and the out- 
put port of optical isolator 14, and a fiber grating 44 is 
connected between second end 12B of EDF 12 and 
WDM coupler 26. The Bragg reflection wavelength of 
each of fiber gratings 42 and 44 is X (co 3 ). Accordingly, 
an optical resonator structure including EDF 12 and two 
reflectors (fiber gratings 42 and 44) provided on the op- 
posite sides of EDF 12 is obtained, so that a second 
pump light beam is generated by laser oscillation in EDF 
12 to obtain an effect similar to that in FIG. 8. 
[0071] Fiber gratings 42 and 44 in FIG. 10 may be re- 
placed, for example, by optical filters each including a 
dielectric multilayer film as the two reflectors provided 
on the opposite sides of EDF 1 2. In this case, each re- 
flector has wavelength selectivity, and a second pump 
light beam can be generated by oscillation between the 
two reflectors. Accordingly, by making the wavelength 
selectivity of each reflector variable, the detuning wave- 
length between the optical signal and the converted op- 
tical signal can be adjusted. For example, the wave- 
length selectivity of each reflector can be varied by 
changing an angle of incidence on the optical filter. Al- 
ternatively, the wavelength selectivity of each reflector 
can be varied by distributing the thickness of the dielec- 
tric multilayer film of the optical filter and displacing the 
dielectric multilayer film in a direction not parallel to an 
optical path, e.g., in a direction substantially perpendic- 
ular to the optical path. 

[0072] FIG. 11 is a diagram illustrating an apparatus 
for wavelength convers ion, according to an embodiment 
of the present invention. Referring now to FIG. 11, an 
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optical isolator 46 and a WDM coupler 48 are connected 
by an EDF 50, and a laser diode 52 for pumping EDF 
50 is connected to WDM coupler 48. Pumping light out- 
put from laser diode 52 is supplied through WDM cou- 

5 pier 48 to EDF 50. EDF 50 is formed with a fiber grating 
FG, and a first pump light beam having a wavelength X 
(co 2 ) is generated in EDF 50 by laser oscillation due to 
distributed feedback in fiber grating FG. 
[0073] An optical signal having a wavelength X (to-,) is 

10 supplied through optical isolator 46 to EDF 50. The 
length of EDF 50 is set short enough to avoid FWM in 
EDF 50. 

[0074] The optical signal and the first pump light beam 
are supplied from EDF 50 through WDM coupler 48 and 

15 optical isolator 1 4 in this order to fiber grating 42. 

[0075] Like the embodiment shown in FIG. 1 0, a sec- 
ond pump light beam having a wavelength X (oo 3 ) is gen- 
erated by distributed Bragg reflection using fiber grat- 
ings 42 and 44 and EDF 12. Also, an effect similar to 

20 that in FIG. 1 0 can be obtained. 

[0076] FIG. 12 is a diagram illustrating an apparatus 
for wavelength conversion, according to another em- 
bodiment of the present invention. In contrast to the con- 
figuration in FIG. 7, the configuration in FIG. 1 2 includes 

25 an optical fiber 54 undoped with a rare earth compound 
provided as a nonlinear optical medium optically con- 
nected to EDF 12. More specifically, optical fiber 54 is 
connected between optical isolator 30 and optical band r 
pass filter 32. 

30 [0077] A suitable example of optical fiber 54 is a fiber 
having low losses to the converted optical signal and 
having a large length of nonlinear interaction. Prefera- 
bly, optical fiber 54 provides chromatic dispersion in the 
range of ±5 ps/nm/km to the converted optical signal, 

35 so as to satisfy a phase matching condition. Further, 
preferably, optical fiber 54 is a polarization maintaining 
fiber for a reason similar to that mentioned above for 
EDF 12. 

[0078] In FIG. 12, the optical signal and the first and 

40 second pump light beams all amplified in EDF 12 are 
supplied through WDM coupler 26 and optical isolator 
30 in this order to optical fiber 54. Accordingly, FWM is 
produced not only in EDF 12, but also in optical fiber 54, 
so that the efficiency of conversion from the optical sig- 

45 nal to the converted optical signal can be improved. 
[0079] While optical fiber 54 as a nonlinearoptical me- 
dium is optically connected through WDM coupler 26 
and optical isolator 30 to EDF 12, the nonlinear optical 
medium may be connected directly to second end 12B 

50 of EDF 12 in order to reduce the loss between EDF 12 
and the nonlinear optical medium and thereby further 
improve the conversion efficiency. 
[0080] To increase an optical power density in a fiber 
and thereby improve the conversion efficiency, each of 

55 EDF 1 2 and optical fiber 54 preferably has a mode field 
diameter of 6^.m or less. 

[0081] In the above embodiments of the present in- 
vention, the length of EDF 12 is preferably set to 100 m 
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or more, so as to effectively produce FWM in EDF 1 2. 
[0082]' In FIGS. 10, 11 and 12, filter 32 is preferably a 
variable filter if the overall apparatus is being used as a 
variable wavelength converter. An acousto-optical tun- 
able filter (AOTF) can be used as a variable filter 32. 
[0083] FIG. 13 is a diagram illustrating an apparatus 
for wavelength conversion, according to an embodiment 
of the present invention. This apparatus includes a unit 
for obtaining functions of optical isolator 14, EDF 12, 
WDM coupler 26, and optical isolator 30 provided by fib- 
er connection, for example, in FIG. 8. This unit is pro- 
vided in the form of bulk in a housing 56. 
[0084] More specifically, optical fibers 58, 60, and 62 
are fixed to housing 56. An optical path OP1 is formed 
by lenses 64, 66, 68, and 70 between optical fibers 58 
and 60. Another optical path OP2 is formed by a lens 
72 between optical fiber 62 and the optical path OP1 . 
The optical paths OP1 and OP2 are coupled by a WDM 
coupler 74 corresponding to WDM coupler26 in FIG. 8. 
[0085] WDM coupler 74 is obtained by forming a die- 
lectric multilayer film 78 on a transparent substrate 76, 
for example. An optical isolator 80 corresponding to op- 
tical isolator 1 4 in FIG. 8 is provided between lenses 64 
and 66, and an optical isolator 82 corresponding to op- 
tical isolator 30 in FIG. 8 is provided between WDM cou- 
pler 74 and lens 70. A wavelength conversion element 
84 corresponding to EDF 12 in FIG. 8 is provided be- 
tween lenses 62 and 68. 

[0086] Wavelength conversion element 84 can be 
provided as a separate component, and it can be man- 
ufactured in the following manner, for example. 
[0087] FIG. 14 is a diagram illustrating a manufactur- 
ing method for wavelength conversion element 84 in 
FIG. 1 3, according to an embodiment of the present in- 
vention. First, an EDF 12' formed with a fiber grating FG 
is provided. EDF 1 2 l is provided by a fluoride fiber, for 
example. The fluoride fiber has an advantage such that 
even when it is doped with a high concentration of Er 
(erbium) compound as a dopant, scattering due to the 
dopant hardly occurs, so that EDF 12' can be shortened 
in length. More specifically, the concentration of the do- 
pant is preferably set to 50,000 ppm or higher, so as to 
reduce the length of EDF 1 2' to 1 0 cm or less and obtain 
a sufficient conversion efficiency. 

[0088] In the next step, EDF 1 2' is inserted into a thin 
hole 86A of a ferrule 86 formed of zirconia, glass, stain- 
less steel, etc., and fixed in thin hole 86A. 
[0089] In the next step, opposite end faces 86 B and 
86C of ferrule 86 are polished so as to be inclined to a 
plane perpendicular to the axis of EDF 1 2". 
[0090] Finally, an anti reflect ion coating such as a di- 
electric multilayer film is formed on each of end faces 
86B and 86C, thus completing wavelength conversion 
element 84. 

[0091 ] The operation of the apparatus will now be de- 
scribed with reference to FIG. 13. An optical signal hav- 
ing a wavelength X (co-, ) and a first pump light beam hav- 
ing a wavelength X (co 2 ) are supplied from optical fiber 



58 through optical isolator 80 to EDF 1 2* of wavelength * 
conversion element 84. On the other hand, pumping 
light having a wavelength p from a pumping source (not 
shown) is supplied through WDM coupler 74 to EDF 1 2' 

5 in a direction opposite to the propagation direction of the 
optical signal and the first pump light beam. 
[0092] In EDF 1 2', a second pump light beam having 
a wavelength X (cd 3 ) is generated in the same manner 
as that mentioned in previous embodiments, so that a 

1 <> converted optical signal is generated by FWM in EDF 
12\ 

[0093] All of the optical signal, the first and second 
pump light beams, and the converted optical signal from 
wavelength conversion element 84 are suppliedthrough 
is WDM coupler 74 and optical isolator 82 to optical fiber 
60. 

[0094] According to the present embodiment of the 
present invention, the efficiency of conversion from the 
optical signal to the converted optical signal can be im- 

20 proved in accordance with the principle similar to that of 
each previous embodiment. In particular, the present 
embodiment has an additional effect that wavelength 
conversion element 84 can be provided as a separate 
component, thereby allowing easy fabrication of the ap- 

25 pa rat us. 

[0095] Furthermore, since end faces 86B and 86C of 
ferrule 86 are inclined to a plane perpendicular to the 
axis of EDF 12', reflection on end faces 86B and 86C 
can be prevented to thereby eliminate a possibility of 
30 undesired oscillation in wavelength conversion element 
84. 

[0096] Additionally, since fluoride fiber has adeliques- 
cent property in general, the combination of ferrule 86 
and the anti reflection coating formed on the opposite 
35 ends thereof is greatly effective in providing a hermetic 
seal structure and improving the stability of the fluoride 
fiber. 

[0097] In the above embodiments of the present in- 
vention, the laser oscillation wavelength of each fiber 

40 grating can be changed by changing the grating pitch 
thereof, so that the wavelength of the first pump light 
beam and/or the wavelength of the second pump light 
beam can be changed. Accordingly, the detuning wave- 
length between the optical signal and the connected op- 

45 tical signal can be set to an arbitrary value. The grating 
pitch of the fiber grating can be changed, for example, 
by changing the temperature of the optical waveguide 
structure including the fiber grating by use of a Peltier 
element. 

50 [0098] According to the above embodiments of the 
present invention, the principles of FWM are usedto cre- 
ate a converted optical signal having a different wave- 
length than an input optical signal. Therefore, the em- 
bodiments of the present invention allow for wavelength 

55 conversion and wavelength management. Therefore, 
as should be understood from the above embodiments 
of the present invention, a specific pump light beam can 
be selected, orthe wavelength of a pump light beam can 
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be controlled, so that FWM causes the converted optical 
signal to have a specific, target wavelength determined 
by principles of FWM. 

[0099] For example, in FIG. 7, either or both of laser 
diodes LD 1 8 and 20 can be selected to provide a pump 
light beam at a suitable wavelength for producing a con- 
verted optical signal at a target wavelength. The same 
principle applies to all of the above embodiments of the 
present invention, so that a pump light beam source is 
selected so that the converted optical signal is at a target 
wavelength. 

[0100] Further, in the above embodiments of the 
present invention using fibergratings, a fiber grating can 
be selected or controlled to provide a light at a suitable 
wavelength so that the converted optical signal is at a 
target wavelength. 

[0101] For example, FIG. 15 is a diagram illustrating 
an apparatus for wavelength conversion, and having a 
controller for controlling the wavelength of a pump light 
beam provided by a wavelength selective device, ac- 
cording to an embodiment. More specifically, FIG. 1 5 is 
similar to FIG. 10, but illustrates the use of wavelength 
selective devices 90 and 92. Wavelength selective de- 
vices 90 and 92 can be, for example, optical filters each 
including a dielectric multilayer film as the two reflectors 
provided on the opposite sides of EDF 12. In this case, 
each reflector has wavelength selectivity, and a second 
pump light beam can be generated by oscillation be- 
tween the two reflectors. Accordingly, by making the 
wavelength selectivity of each reflector variable, the de- 
tuning wavelength between the optical signal and the 
converted optical signal can be adjusted. As an addi- 
tional example, wavelength selective devices 90 and 92 
can be fiber gratings having a variable grating pitch. 
[0102] In FIG. 15, a controller 94 controls wavelength 
selective devices 90 and 92 so that the converted optical 
signal is at a target wavelength. Of course, any of the 
above embodiments of the present invention can be 
modified to include wavelength selective devices and a 
controller, to produce the converted optical signal at a 
target wavelength, and such a configuration is not in- 
tended to be limited to the specific configuration in FIG. 
15. Further, there are many different types of devices 
which can operate as a wavelength selective device, 
and the present invention is not intended to be limited 
to the specific example illustrated in FIG. 15. 
[0103] Moreover, a variable wavelength light source 
can be used to provide a pump light beam, and a con- 
troller can be used to control the light source to provide 
a suitable pump light beam so that the converted optical 
signal is at a target wavelength. In this case, for exam- 
ple, a DFB-LD can be used as a variable wavelength 
light source as, for example, laser diode 18 in FIG. 10, 
or as a pump light beam source in various of the other 
embodiments of the present invention described herein. 
[0104] FIG. 16 is a diagram illustrating a WDM optical 
communication system employing an apparatus for 
wavelength conversion according to the above embod- 



iments of the present invention. Referring now to FIG. 
16,aplurality of individual transmitters (TX) 200 transmit 
optical signals at different wavelengths. The optical sig- 
nals are then multiplexed together by a multiplexer 

5 (MUX) 202 into a WDM signal which is transmitted 
through an optical fiber transmission line 204. Thus, in- 
dividual transmitters 200 and multiplexer 202 together 
form a transmitter 206 transmitting a WDM signal 
through transmission line 204. A demultiplexer (DE- 

10 MUX) 208 demultiplexes the WDM signal into individual 
optical signals received by respective receivers (RX) 
21 0. Thus, demultiplexer 208 and receivers 21 0 togeth- 
er from a receiver 212 receiving the transmitted WDM 
signal through transmission line 204. Typically, optical 

is amplifiers, such as optical amplifier 21 4, would be posi- 
tioned along transmission line 204. 
[0105] An apparatus for wavelength conversion 216 
performs wavelength conversion in accordance with 
any of the embodiments of the present invention de- 

20 scribed herein. For example, apparatus for wavelength 
conversion 216 can have a configuration as illustrated, 
for example, in FIGS. 4 through 15. 
[0106] FIG. 16 illustrates examples of transmitters 
and receivers. However, the present invention is not in- 

25 tended to be limited to these examples. Instead, there 
are many different configurations of transmitters and re- 
ceivers. 

[0107] According to the above embodiments of the 
present invention, a light source provides a pump light 

30 beam to cause FWM. Such a light source can be, for 
example, a laser diode, a fiber grating, or any other 
source for producing a pump light beam, as described 
in the above embodiments of the present invention. 
[0108] While specific embodiments of the present in-.. 

35 vention have been described in the case that an EDF is 
used as the optical waveguide structure doped with the 
rare earth compound, the present invention is not limited 
to this. For example, the present invention may be car- 
ried out by using a fiber doped with any one of other rare 

40 earth compounds containing Nd, Yb, etc. Further, while 
the optical waveguide structure is provided by an optical 
fiber in the above embodiments, it may be formed, for 
example, by doping an optical waveguide formed on a 
waveguide substrate with a rare earth compound. More- 
. 45 over, the present invention is not intended to be limited 
to the use of a rare earth "compound". Instead, in any 
of the embodiments described herein, an optical 
waveguide structure can simply be doped with a rare 
earth "element". 

50 [0109] Moreover, two or more of the above embodi- 
ments may be combined to carry out the present inven- 
tion. 

[0110] According to the above embodiments of the 
present invention, there is provided a method for wave- 
55 length conversion which includes (a) providing an opti- 
cal waveguide structure doped with a rare earth ele- 
ment; (b) pumping the optical waveguide structure so 
that the optical waveguide structure provides a gain 



9 




EP 0 981 



band; (c) inputting an optical signal and at least one 
pump light beam into the optical waveguide structure; 
and (d) outputting from the optical waveguide structure 
a converted optical signal having a wavelength different 
from the wavelength of the optical signal, the converted 5 
optical signal being generated by four-wave mixing 
based on the optical signal and the at least one pump 
light beam in the optical waveguide structure. 
[0111] In the case that the optical signal and the at 
least one pump light beam have wavelengths included to 
in the gain band provided by the optical waveguide 
structure, for example, the powers of the optical signal 
and the at least one pump light are increased to result 
in efficient yielding of nonlinear effects. Accordingly, the 
conversion efficiency in wavelength conversion from the >5 
optical signal to the converted optical signal can be im- 
proved. 

[0112] Preferably, the optical waveguide structure is 
an optical fiber in which a fiber grating is formed. In this 
case, the at least one pump light beam can include light 20 
generated by oscillation in the fiber grating, thereby 
achieving the wavelength conversion with a simple con- 
figuration. 

[0113] In particular, as indicated by FIG. 15, by using 
a controller, for example, to change the grating pitch of 25 
a fiber grating, the wavelength of the pump light beam 
obtained by oscillation in the fiber grating can be 
changed. Accordingly, the wavelength of the converted 
optical signal determined by the relation between the 
wavelength of the optical signal and the wavelength of 30 
the pump light beam can be adjusted. The grating pitch 
of the fiber grating can be changed, for example, by 
changing the temperature of the fiber grating. Such 
changing of the wavelength of the pump light beam can 
yield an advantage that the detuning wavelength be- 35 
tween the optical signal and the converted optical signal 
is adjustable. 

[0114] Although a few preferred embodiments of the 
present invention have been shown and described, it 
would be appreciated by those skilled in the art that 40 
changes may be made in these embodiments without 
departing from the principles and spirit of the invention, 
the scope of which is defined in the claims and their 
equivalents. 



Claims 

1. An apparatus comprising: 

an optical waveguide doped with a rare earth 50 
element and pumped so that an input optical signal 
is amplified as the input optical signal travels 
through the optical waveguide, wherein the optical 
waveguide is provided with at least one light which, 
together with the input optical signal, causes four 55 
wave mixing (FWM) to occur in the optical 
waveguide, the FWM causing a converted optical 
signal to be produced in the optical waveguide, the 
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converted optical signal having a wavelength differ- * 
ent from the input optical signal. 

2. An apparatus as in claim 1 , wherein the output op- 
tical signal is modulated by a transmission signal, 
so that the converted optical signal is also modulat- 
ed by the transmission signal. 

3. An apparatus as in claim 1 or 2, wherein the optical 
waveguide is an optical fiber. 

4. An apparatus as in any preceding claim, wherein 
the optical waveguide is an erbium doped fiber. 

5. An apparatus as in claim 4, wherein 

the erbium doped fiber is provided with pump light 
having a wavelength included in a 0.98 j.im band or 
a 1 .48 band so that the erbium doped fiber has 
a gain band which includes 1 .55 jim. 

6. An apparatus as in any preceding claim wherein the 
input optical signal and said at least one light have 
wavelengths within a gain band of the optical 
waveguide. 

7. An apparatus as in any preceding claim, further 
comprising: 

a grating, wherein said at least one light in- 
cludes light generated by oscillation in the grating. 

8. An apparatus as in any of claims 1 to 6, wherein 
said at least one light includes first and second 
lights at different wavelengths, the apparatus fur- 
ther comprising: 

a first grating, the first light being generated by 
oscillation in the first grating; and 
a second grating, the second light being gen- 
erated by oscillation in the second grating. 

9. An apparatus as in any preceding claim further 
comprising: 

a light generating device generating said at 
least one light, the light generating device being 
controllable to change the wavelength of said at 
least one light. 

1 0. An apparatus as in any preceding claim wherein the 
converted optical signal is output from the optical 
waveguide, the apparatus further comprising: 

a filter having a passband which passes the 
converted optical signal output from the optical 
waveguide. 

11. An apparatus as in any of claims t to 1 0 further com- 
prising: 

a filter filtering output from the optical 
waveguide, the filter having a passband which 
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passes the converted optical signal and rejects light 
having a wavelength different from that of the con- 
verted optical signal. 

12. An apparatus as in any preceding claim wherein a 5 
wavelength of light of said at least one light is 
changeable to cause the wavelength of the convert- 
ed optical signal to be at a target wavelength. 

13. An apparatus comprising: 10 

a fiber doped with a rare earth element, an op- 
tical signal and at least one other light travelling 
through the fiber; 

a pump source pumping the fiber so that the '5 
fiber provides a gain band which includes the 
optical signal, wherein said at least one other 
light, together with the optical signal, causes 
four wave mixing (FWM) to occur in the fiber, 
the FWM causing a converted optical signal to 20 
be produced in the fiber and the converted op- 
tical signal having a wavelength different from 
the optical signal. 

14. An apparatus as in claim 1 3, wherein: 25 

the fiber has a first end and a second end, 

the optical signal travels through the fiber from 

the first end to the second end, 

the converted optical signal is output from the 30 

second end of the fiber, and 

the pump source pumps the fiber with pump 

light travelling from at least one of the group 

consisting of 

35 

the first end of the fiber to the second end, 
and 

the second end of the fiber to the first end. 

15. An apparatus as in claim 14, wherein said at least 40 
one other light includes first and second lights, the 
apparatus further comprising: 

an optical multiplexer multiplexing the optical 
signal, the first light and the second light together 
into a multiplexed light, and then providing the mul- 45 
tiplexed light to the first end of the fiber to travel 
through the fiber from the first end to the second 
end. 

16. An apparatus as in claim 14, wherein said at least 50 
one other light includes first and second lights, the 
apparatus further comprising: 

an optical multiplexer multiplexing the optical 
signal and the first light together into a multi- 55 
plexed light, and then providing the multiplexed 
light to the fiber to travel through the fiber; and 
a fiber grating formed in the fiber, the second 



light generated by oscillation in the fiber grat- 
ing. 

17. An apparatus as in claim 13 or 14 wherein said at 
least one other light includes first and second lights, 
the apparatus further comprising: 

a first grating formed in the fiber, the first light 
being generated by oscillation in the first grat- 
ing; and 

a second grating formed in the fiber, the second 
light being generated by oscillation in the sec- 
ond grating. 

18. An apparatus as in claim 14, wherein said at least 
one other light includes first and second lights, the 
apparatus further comprising: 

an optical multiplexer multiplexing the optical 
signal and the first light together into a multi- 
plexed light, and then providing the multiplexed 
light to the first or second end of the fiberto trav- 
el through the fiber; and 

first and second fiber gratings optically con- 
nected to the first and second ends of the fiber, 
respectively, the second light generated by os- 
cillation between the first and second fiber gratr 
ings. 

19. An apparatus as in any of claims 1 3 to 18 further 
comprising: 

an optical fiber optically connected to the 
doped fiber for extracting the converted optical sig- ; , 
nal. 

20. An apparatus as in any of claims 13 to 19 further 
comprising: 

an optical isolator optically connected to the 
doped fiber. 

21 . An apparatus as in any of claims 1 3 to 20 wherein 

the doped fiber is an erbium doped fiber pro- 
vided with pump light having a wavelength included 
in a 0.98 n-m band or a 1 .48 jj.m band so that the 
erbium doped fiber has a gain band which includes 
1 .55 ujti. 

22. An apparatus as in any of claims 1 3 to 21 further 
comprising: 

a ferrule holding the doped fiber. 

23. An apparatus as in claim 22, wherein the ferrule has 
opposite end faces inclined with respect to a plane 
perpendicular to an axis of the doped fiber. 

24. An apparatus as in claim 22 or 23 further comprising 
an anti reflection coating formed on each of opposite 
end faces of the ferrule. 
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25. An apparatus as in any of claims 13 to 24 wherein 
the fiber is a fluoride fiber. 

26. An apparatus as in any of claims 13 to 25 wherein 

a concentration of the rare earth element doped in 5 
the fiber is 50,000 ppm or higher. 

27. An apparatus as in any of claims 13 to 26, wherein 
the fiber is a polarization maintaining fiber causing 

a polarization plane of the optical signal to be sub- io 
stantially parallel to a polarization plane of a light of 
said at least one other light. 

28. An apparatus as in any of claims 13 to 26, wherein 

the fiber is a polarization maintaining fiber. 15 

29. An apparatus as in any of claims 13 to 28, further 
comprising a nonlinear optical medium optically 
connected to the doped fiber for extracting the con- 
verted optical signal. 20 

30. An apparatus as in claim 29, wherein the nonlinear 
optical medium is an optical fiber 

31. An apparatus as in claim 29 or 30, wherein the non- 25 
linear optical medium provides chromatic disper- 
sion in the range of ±5 ps/nm/km to the converted 
optical signal. 

32. An apparatus as in any of claims 29 to 31 , wherein 30 
the nonlinear optical medium is a polarization main- 
taining fiber, and the doped fiber is a polarization 
maintaining fiber. 
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36. An apparatus as in any of claims 14 to 16 or 17 to * 
35 when read as appended to claim 1 4 further com- 
prising: a filter optically connected to the second 
end of the fiber and having a passband which pass- 
es the converted optical signal. 

37. An apparatus as in any of claims 14 to 16 or 17 to 
35 when read as appended to claim 1 4 further com- 
prising: a filter optically connected to the second 
end of the fiber and having a passband which pass- 
es the converted optical signal and rejects light hav- 
ing a wavelength different from that of the converted 
optical signal. 

38. An apparatus as in any of claims 13 to 37, wherein 
a frequency of a light of said at least one light is 
changeable to cause the wavelength of the convert- 
ed optical signal to be at a target wavelength. 

39. An apparatus comprising: 

a rare earth doped optical fiber having first and 
second lights travelling therethrough; 
a pump source providing pump light to the fiber 
so that the first light is amplified as the first light 
travels through the fiber, wherein the first and 
second lights together cause four wave mixing 
(FWM) to occur in the fiber, the FWM causing 
athird light to be produced in the fiber , the third 
light having a wavelength different from the first 
light. 

40. An apparatus as in claim 39, wherein: 



33. An apparatus as in any of claims 13 to 32 further 
comprising: 

a fiber grating, said at least one other light in- 
cluding a light generated by oscillation in a fiber 
grating; and 

a grating controller which changes a pitch of the 
fiber grating. 

34. An apparatus as in any of claims 13 to 33, wherein 
the fiber has first and second ends, the apparatus 
further comprising: 

first and second reflectors optically connected 
to the first and second ends of the fiber, respec- 
tively, 

said at least one other light including a light 
generated by oscillation between the first and 
second reflectors. 

35. An apparatus as in claim 34, wherein each of the 
first and second reflectors has variable wavelength 
selectivity. 



35 the fiber has a first end and a second end, 

the first light travels through the fiber from the 
first end to the second end, 
the third light is output from the second end of 
the fiber, and 

40 the pump light travels from at least one of the 

group consisting of 

the first end of the fiber to the second end, 
and 

45 the second end of the fiber to the first end. 

41. An apparatus as in claim 40, further comprising: 

an optical multiplexer multiplexing the first 
and second lights together into a multiplexed light, 
50 and then providing the multiplexed light to the first 

end of the fiber to travel through the fiber from the 
first end to the second end. 

42. An apparatus as in any of claims 39 to 41 further 
55 comprising: 

a fiber grating formed in the fiber, the second 
light generated by oscillation in the fiber grating. 
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N 43. An apparatus as in any of claims 39 to 42, wherein 
the doped fiber is an erbium doped fiber pro- 
vided with pump light having a wavelength included 
in a 0.98 band or a 1.48 p.m band so that the 
erbium doped fiber has a gain band which includes 
1 .55 fim. 

44. An apparatus as in any of claims 39 to 43, wherein 
the fiber is a polarization maintaining fiber. 

45. An apparatus as in any of claims 39 to 41 or 43 or 
44 when read as appended to any of claims 39 to 
41 further comprising: 

a fiber grating, the second light generated by 
oscillation in a fiber grating; and 
a grating controller which changes a pitch of the 
fiber grating. 

46. An apparatus as in any of claims 39 to 45, wherein 
the fiber has first and second ends, the apparatus 
further comprising: 

first and second reflectors optically connected 
to the first and second ends of the fiber, respective- 
ly,, the second light generated by oscillation be- 
tween the first and second reflectors. 

47. An apparatus as in claim 46, wherein each of the 
first and second reflectors has variable wavelength 
selectivity. 

48. An apparatus as in claim 40 or any of claims 41 to 
47 when read as appended to claim 40 further com- 
prising: a filter optically connected to the second 
end of the fiber and having a passband which pass- 
es the third light. 

49. An apparatus as in claim 40 or any of claims 41 to 
47 when read as appended to claim 40 

a filter optically connected to the second end 
of the fiber and having a passband which passes 
the third light and rejects light having a wavelength 
different from that of the third light. 

50. An apparatus as in any of claims 39 to 49, wherein 
a wavelength of the second light is changeable to 
cause the wavelength of the third light to be at a 
target wavelength. 

51. An apparatus as in any of claims 39 to 49, further 
comprising: 

a controller controlling a wavelength of the 
second light to cause the third light to be at a target 
wavelength. 

52. An apparatus comprising: 

a rare earth doped optical fiber having first, sec- 
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ond and third lights travelling therethrough; 
a pump source providing pump light to the fiber 
so that the first light is amplified as the first light 
travels through the fiber, wherein the first, sec- 
ond and third lights together cause four wave 
mixing (FWM) to occur in the fiber, the FWM 
causing a fourth light to be produced in the fiber, 
the fourth light having a wavelength different 
from the first light. 

53. An apparatus as in claim 52, wherein: 

the fiber has a first end and a second end, 
the first light travels through the fiber from the 
first end to the second end, 
the fourth light is output from the second end of 
the fiber, and 

the pump light travels from at least one of the 
group consisting of 

the first end of the fiber to the second end, 
and 

the second end of the fiber to the first end. 

54. An apparatus as in claim 52, further comprising: 

an optical multiplexer multiplexing the second 
and third lights together into a multiplexed light, and 
then providing the multiplexed light to the fiber to 
travel through the fiber. 

55. An apparatus as in claim 52 or 53, further compris- 
ing: 

a first grating formed in the fiber, the second 
light being generated by oscillation in the first 
grating; and 

a second grating formed in the fiber, the third 
light being generated by oscillation in the sec- 
ond grating. 

56. An apparatus as in claim 53, further comprising: 

an optical multiplexer multiplexing the first and 
second lights together into a multiplexed light, 
and then providing the multiplexed light to the 
first or second end of the fiber to travel through 
the fiber; and 

first and second fiber gratings optically con- 
nected to the first and second ends of the fiber, 
respectively, the third light generated by oscil- 
lation between the first and second fiber grat- 
ings. 

57. An apparatus as in any of claims 52 to 56, wherein 

the doped fiber is an erbium doped fiber pro- 
vided with pu mp light having a wavelength included 
in a 0.98 \xm band or a 1.48 p.m band so that the 
erbium doped fiber has a gain band which includes 
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1 .55 nm. 

58. An apparatus as in any of claims 52 to 57, wherein 
the fiber is a polarization maintaining fiber. 

59. An apparatus as in any of claims 52 to 58, wherein 
the fiber has first and second ends, the apparatus 
further comprising: 

first and second reflectors optically connected 
to the first and second ends of the fiber, respec- 
tively, 

at least one of the second and third lights gen- 
erated by oscillation between the first and sec- 
ond reflectors. 
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from the first and second lights; and 
a filter optically connected to the fiber to filter 
light output from the fiber, the filter having a 
passband which passes the third light and re- 
jects light having a wavelength different from 
that of the third light. 

66. An apparatus as in claim 65, further comprising: 

a fiber grating formed in the fiber, the second 
light generated by oscillation in the fiber grating. 

67. An apparatus as in claim 65, further comprising: 

a light generating device generating the sec- 
ond light and having characteristics which are var- 
iable to set a wavelength of the second light. 



60. An apparatus as in claim 59, wherein each of the 
first and second reflectors has variable wavelength 
selectivity. 

61. An apparatus as in claim 53 or any of claims 54 to . 
60 when read as appended to claim 53, further com- 
prising: 

a filter optically connected to the second end 
of the fiber and having a passband which passes 
the converted optical signal. 

62. An apparatus as in claim 53 or in any of claims 54 
to 60 when read as appended to claim 53 further 
comprising: 

a filter optically connected to the second end 
of the fiber and having a passband which passes 
the converted optical signal and rejects light having 
a wavelength different from that of the converted 
optical signal. 

63. An apparatus as in any of claims 52 to 62, wherein 
a wavelength of at least one of the second and third 
lights is changeable to cause the wavelength of the 
fourth light to be at a target wavelength. 



68. An apparatus as in any of claims 65 to 67, wherein 
the fiber has first and second ends, the apparatus 
further comprising: 
20 first and second reflectors optically connected 

to the first and second ends of the fiber, respective- 
ly, the second light generated by oscillation be- 
tween the first and second reflectors. 

25 69. An apparatus as in claim 68, wherein each of the 
first and second reflectors has variable wavelength 
selectivity. 

70. An apparatus as in any of claims 65 to 69, further 
30 comprising: 

a controller controlling a wavelength of the 
second light to cause the third light to be at a target 
wavelength. 

35 71. An apparatus as in any of claims 65 to 70, wherein 
the first light is modulated by a transmission signal, 
so that the third light is also modulated by the trans- 
mission signal. 

40 72. A method comprising: 



64. An apparatus as in any of claims 52 to 62, further 
comprising: 

a controller controlling a wavelength of at 
least one of the second and third lights to cause the 
fourth light to be at a target wavelength. 

65. An apparatus comprising: 

a rare earth doped optical fiber having first and 
second lights travelling therethrough; 
a pump source pumping the fiber so that the 
first light is amplified as the first light travels 
through the fiber, wherein the first and second 
lights together cause four wave mixing (FWM) 
to occur in the fiber, the FWM causing a third 
light to be produced in, and output from, the fib- 
er, the third light having a wavelength different 



pumping a rare earth doped optical fiber so that 
a first light travelling through the fiber is ampli- 
fied; 

45 providing a second light which travels through 

the fiber and, together with the first light, causes 
four wave mixing (FWM) to occur in the fiber, 
the FWM causing a third light to be produced 
in the fiber and having a wavelength different 

50 from the first light. 

73. A method as in claim 72, wherein: 

the fiber has a first end and a second end, 
55 the first light travels through the fiber from the 

first end to the second end, 
the third light is output from the second end of 
the fiber, and 
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said pumping pumps the fiber with pump light 
that travels from at least one of the group con- 
sisting of 

the first end of the fiber to the second end, 5 
and 

the second end of the fiber to the first end. 

74. A method as in claim 73, further comprising: 

10 

multiplexing the first and second lights together 
into a multiplexed light; and 
providing the multiplexed light to the first end of 
the fiber to travel through the fiber from the first 
end to the second end. 15 

75. A method as in any of claims 72 to 74, further com- 
prising: 

generating the second light by oscillation in a 
fiber grating formed in the fiber. 20 

76. A method as in any of claims 72 to 75, wherein the 
fiber is a polarization maintaining fibre. 

77. A method as in any of claims 72 to 76, further com- 25 
prising: 

generating the second light by oscillation in a 
fiber grating formed in the fiber; and 
changing a pitch of the fiber grating to change so 
a wavelength of the second light. 

78. A method as in any of claims 72 to 77, wherein the 
fiber has first and second ends, the process further 
comprising: 35 

generating the second light by oscillation be- 
tween first and second reflectors optically connect- 
ed to the first and second ends of the fiber, respec- 
tively. 

40 

79. A method as in claim 78, wherein each of the first 
and second reflectors has variable wavelength se- 
lectivity. 

80. A method as in claim 73 or any of claims 74 to 79 .45 
when read as appended to claim 73 further com- 
prising: 

filtering light output from the second end of the 
fiber with a passband which passes the third light. 

50 

81. A method as in claim 73, or any of claims 74 to 79 
when read as appended to claim 73 further com- 
prising: . 

filtering light output from the second end of the 
fiber with a passband which passes the third light 55 
and rejects light having a wavelength different from 
that of the third light. 



82. A method as in any of claims 72 to 81 , further com- 
prising: 

controlling a wavelength of the second light to 
cause the third light to be at a target wavelength. 

83. A method as in any of claims 72 to 82, fu rther com- 
prising: 

modulating the first light by a transmission sig- 
nal, so that the third light is also modulated by the 
transmission signal. 

84. An optical communication system comprising: 

a transmitter transmitting an optical signal; 
a rare earth doped optical fiber, the optical sig- 
nal travelling through the fiber; 
a pump source providing pump light to the fiber 
so that the optical signal is amplified as the op- 
tical signal travels through the fiber; 
a light source providing a light to the fiber so 
that the light, together with the optical signal, 
causes four wave mixing (FWM) to occur in the 
fiber, the FWM causing a converted optical sig- 
nal to be produced in the fiber and the convert- 
ed optical signal having a wavelength different 
from the optical signal transmitted by the trans- 
mitter; and 

a receiver receiving the converted optical signal 
from the fiber. 

85. An optical communication method comprising: 

transmitting an optical signal through a rare 
earth doped optical fiber; 

pumping the fiber so that the optical signal is. 
amplified as the optical signal travels through 
the fiber; 

providing a lighttothe fiber which, together with 
the optical signal, causes four wave mixing 
(FWM) to occur in the fiber, the FWM causing 
a converted optical signal to be produced in the 
fiber and the converted optical signal having a 
wavelength different from the transmitted opti- 
cal signal; and 

receiving the converted optical signal from the 
fiber. 
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FIG. 1A 
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